Background: Didymosphenia geminata (Lyngbye) M. Schmidt is a freshwater invasive benthic diatom native to oligotrophic systems of the Northern Hemisphere. Since 2010, freshwater systems of south-austral Chile, have experienced a progressive invasion of this species between 37°18′ S and 54°30′ S. This invaded area is characterized by biogeographic heterogeneity, anthropic pressure and lack of knowledge. The objective of this study was to analyze the effect of D. geminata on the community structure of benthic diatoms and the variability of this effect in Chilean rivers. Methods: The data were collected between 2010 and 2017 and pre-treated using fourth-root transformation to construct a Bray-Curtis similarity matrix and a Principal Coordinate Analysis to identify groups of sites. The α diversity and β diversity were estimated and compared using univariate indexes and the Mann-Whitney test, respectively. We used Permutational multivariate analyses of variance (PERMANOVA) and PERMDISP to estimate the spatial variation of communities, and an Analysis of Percentage Similarity (SIMPER) was performed to identify the species which contributed to the similarity between the groups of sites. Results: The results suggest significant differences between invaded and noninvaded rivers (54% of the total variation); the univariate indexes showed greater richness (S), greater diversity (H′), and less species turnover in invaded rivers. The PERMANOVA indicated significant interaction between D. geminata and the basins; there was also a significant effect on the internal dispersion in the basins. The SIMPER analysis showed that the groups composed exclusively of invaded sites had high mean similarity in all basins and small pedunculated benthic diatoms showed a significant response to the presence of D. geminata. Conclusion: We found high variability in the community structures, that determine a strong segregation between noninvaded and invaded sites by D. geminata, and that the main effect of D. geminata on diatoms benthic was the homogenization of the communities. This is reflected in the increase in density of small stalked diatoms and the reduction of species turnover among rivers in the same basin, leading to the loss of community heterogeneity that overcomes the spatial heterogeneity in the area invaded in Chile.
Background
Biological invasions are among the five greatest threats to freshwater systems in the world [1, 56, 58] . Invasive species may generate negative effects on the resident communities, interfering in the transfer of material and energy and biogeochemical processes, and even acting as engineering species [31, 32, 34, 60] . Among the most severe impacts is the alteration of the physical habitat, which can cause exclusion or facilitation of species and conduce to ecological homogenization of the invaded systems [48, 52] .
The effects generated by invasive species are ubiquitous and varied. Their prediction depends in large part on understanding their interactions with the resident species and the ecological particulars of the invaded communities [49, 70, 71] . Diatoms are an excellent model for the study of the effects of invasive species in freshwater benthic communities. Their wide functional and taxonomic diversity, rapid growth rates and marked response capability to environmental fluctuations allow detecting ecological signals that explain the changes associated with species invasions [50, 63, 68] .
Didymosphenia geminata (Lyngbye) M. Schmidt is a stalked freshwater diatom of the Northern Hemisphere that generates mucilaginous proliferation in oligotrophic waters [6, 35] . D. geminata has expanded rapidly outside its native distribution range in the last decade ( [69] , successfully invading rivers and lakes of New Zealand, Argentina and southern Chile. [25, 61, 62] . The invaded systems have transparent and cold water with reduced nutrient concentrations; they have low levels of anthropogenic intervention and great recreational importance [6, 8, 36] . The dispersion of this diatom is mainly associated with human transport by the use of contaminated recreational equipment, e.g. of recreational and sport fishing [8] , while the development of large numbers of stalks has mainly been associated with soluble reactive phosphorous concentrations below 2 ppb [7, 9, 43] . The proliferation consists of the massive development of mucilaginous stalks from D. geminata cells, which cover extensive areas of benthic substrate. As a consequence, more homogenous habitats with low levels of hydraulic stress arise, that promote solute interchange and favor the proliferation and expansion of the mucilaginous masses [11, 12, 20, 46] . The changes in the physical habitat may displace or favor certain species of the benthos [22] , modifying the trophic structure of the aquatic ecosystem [23, 37] , which then alter the patterns of alpha and beta diversity at different spatial scales [29, 51, 53] .
D. geminata has invaded mainly mountain rivers with low anthropogenic degradation and low nutrient concentrations in Chile from 37°18′ S to 54°30′ S [54, 55] . The area invaded includes different freshwater ecoregions which have different climate, topography and habitats; this area is highly heterogeneous in biogeographic terms [1] . Proliferation of D. geminata was first detected in Chile in Patagonian rivers in the year 2010. However, there were some earlier records from Lago Sarmiento and Río Cisnes [3, 64, 65] . There are few studies of the effects of these proliferations on freshwater communities in Chile, and they have been limited by lack of baseline knowledge of this type of ecosystem. The main effects of D. geminata detected in Chilean rivers include increase of algal biomass, capture of sediments and alteration of hydrodynamic and biogeochemical processes [61] . It has also been observed that in vitro D. geminata affects negatively the movement of gametes of the genus Salmo [57] .
To understand the invasion process of D. geminata, it is crucial to understand its effects on the benthic communities and the fluvial habitat, in order to elucidate its impacts on the integrity of the freshwater ecosystems. Studies have identified significant changes to patterns ecological and taxonomic patterns of freshwater biota in Chile, at varying spatio-temporal scales [66, 72] . Among them, the spreading of D. geminata in suitable river habitats of central-southern Chile [30, 54, 55] , which are likely to drive differences in what is known about algal communities [4, 59, 65, 66] . Given the extensive range affected by D. geminata, we expect the existence of complex and diverse relations expressed in the structure of benthic diatom communities. The objective of this study was to analyze the effect of D. geminata on the community structure of benthic diatoms and the variability of this effect in Chilean rivers. We hypothesized that sites invaded by D. geminata will share a common community structure, be less diverse and significantly different than sites not invaded by this diatom.
Methods

Study area
We considered 1182 samples obtained in rivers from 35°S 71°W to 54°S 68°W, covering a latitudinal extension of about 2000 km (Fig. 1) . The area has great hydrological heterogeneity; we considered the rivers of basins where the presence of D. geminata has been detected, including the Biobío (code 83), Toltén (code 94), Valdivia (code 101), Bueno (code 103), Puelo (code 105), Yelcho (code 107), Palena and coastal rivers in the southern limit of the Décima Región (code 110), coastal and island rivers between Río Palena and Río Aysén (code 111), Aysén (code 113) and Baker (code 115) rivers, coastal rivers between Seno Andrew and Río Hollemberg and rivers to the east (code 122), and in Tierra del Fuego (code 128). The rivers sampled are in mountainous ecosystems with a low level of human intervention, with intensive recreational use and of interest for the conservation of biodiversity, which are in the Patagonian, Valdivian Lakes and South Andean Pacific Slope ecoregions according to the classification proposed by Abell et al. [1] . 
Sampling and species identification
We analyzed density data (cell/mm 2 ) of benthic diatoms obtained between 2010 and 2017 in the context of different monitoring programs of the Undersecretariat for Fisheries and Aquaculture (SUBPESCA) of the Chilean government, using as reference the standard sampling protocol for the study of periphyton and D. geminata [17, 45] . Diatom samples were obtained from 50 m transects of a river section; 5 rocks with evident presence of periphyton were selected randomly. We marked a 4 cm 2 area of each rock, whose surface was scraped to obtain the sample of microalgae, which was preserved in 70% ethanol.
The diatoms were identified to species using the technique of oxidizing the organic matter and eliminating the dissolved salts, following Battarbee (1986). Permanent preparations were made by mounting in Naphrax resin (refractive index = 1.7). In each sample 300 diatom valves were identified to species under a Carl Zeiss Axioplan microscope using a 1000X immersion objective. The taxonomic identification was based on the specialized literature for each group of diatoms ( [27, [39] [40] [41] [42] ; Rumrich, Lange-Bertalot & Rumrich, 2000).
Pre-treatment, ordination and classification of data
The data analysis model was designed to detect local variation among rivers of the same basin and to detect large-scale variation among basins. Data were fourthroot transformed to reduce the effect of sampling effort and the contribution of the dominant taxa [14] . The transformed data were used to construct a Bray-Curtis similarity matrix, with which the sites were grouped using a UPGMA cluster analysis, evaluating its significance with a SIMPROF test (9999 permutations within the variables-type 1-with a 5% significance level). The graphic representation of the significant groups and data ordination in a multivariate space was done with a principal coordinates analysis (PCO), using the combined factor DgxBa (D. geminata x Basins) to construct the intra-group centroids and estimate the variance associated with both factors.
Diversity indexes
The communities invaded and not invaded by D. geminata were compared among sites (rivers) and among basins to understand the spatial variation of the community structure at different scales. For this we calculated the univariate indexes of specific richness (S), Shannon diversity (H'log e ), Pielou's evenness (J') and Simpson's index (1-λ) as estimators of α diversity for each of the sites of the different basins. We estimated β diversity as the species turnover between basins, calculating the multivariate dispersion with the PERMDISP program [2] . The distributions of all parameters were compared using the nonparametric Mann-Whitney test (p < 0.05).
Multivariate analyses
We used permutational multivariate analyses of variance (PERMANOVA) to estimate the effect and the spatial variation of D. geminata on the diatom community, using an orthogonal hierarchic model with 9999 permutations of the residuals and a reduced null model. As sources of variation we used the presence of D. geminata (Dg) as a fixed factor with 2 levels, basin (Ba) as a random factor with 12 levels and their combination (DgxBa). The homogeneity among groups was compared as multivariate dispersion of the combined factor (DgxBa) with the PERMDISP test [2] . We performed an analysis of percentage similarity (SIMPER) using the Bray-Curtis matrix to identify the set of species which contribute most to the intra-and inter-group similarity (invaded: Dg + and not invaded by D. geminata: Dg-), using 70% as the lower limit of contribution. We also performed a second SIMPER analysis to estimate the similarity between the two groups of sites (invaded and non-invaded), and within each group for each basin individually, using a combined grouping factor (DgxBa).
The relation between D. geminata and the species which most contributed to the similarity of the groups was described using a simple linear regression model (STATIS-TICA 7). The pattern of density ( cell/mm 2 ) of the species most relevant to the dissimilarity among the groups was represented graphically using a shade plot.
We evaluated the existence of a pattern in the response of the species that contributed most to the dissimilarity between the two groups (DgxBa). This was done with a classification analysis using a species association index with non-transformed data standardized by the total number of variables (SIMPROF with 9999 permutations within the samples-type 3-, 5% significance).
All analyses were performed with Primer v7 except for the regressions, which used Statistica 7.
Results
General
The analysis of cell density data revealed that D. geminata was present in 284 of the 1023 sites sampled. We identified 3 classes, 17 orders, 35 families, 79 genera and 338 diatom species. We did not find species whose distribution coincided completely with that of D. geminata; all species which responded to its presence were distributed in the entire study area. The species showed a wide geographic distribution in the area invaded by D. geminata, and we found important differences in the density of species between invaded and non-invaded rivers.
Classification and ordination
The SIMPROF test on the clusters of diatom density per site identified 5 significantly different groups (p < 0.05), due both to the presence of D. geminata and the spatial , in which it is also observed that the structure of the invaded sites was significantly different from the non-invaded sites in the same basins. The group of invaded sites tended to greater homogeneity, and sites with D. geminata showed greater similarity than with other sites in the same basin. By contrast, the group of non-invaded sites has greater heterogeneity among basins and between distribution areas.
Components of diversity
The univariate indices showed that the invaded sites in all basins (except 128) had greater richness ( Fig. 3a) and diversity ( Fig. 3b) . Evenness ( Fig. 3c ) and dominance ( Fig. 3d ) tended to be more homogeneous within basins but variable between them. For other hand, the species turnover estimated as the multivariate dispersion ( Fig.  3e ) of the combined factor DgxBa showed the opposite pattern, where the invaded sites showed significantly fewer turnover compared to the non-invaded sites in all the basins analyzed ( Table 1) .
Effect of Didymosphenia geminata on the benthic diatom communities
The PERMANOVA test indicated significant interaction between DG and the basins, that is, there were different patterns between basins considering separately the effect of D. geminata on the benthic communities (Table 2) . There was also a significant effect on the internal dispersion in the basins (PERMDISP F = 9.45, p = 0.001), which indicates that the within-group variation of the invaded and non-invaded sites was significantly different among basins. This result indicates the effect of D. geminata depends of internal variability and the location of the basins.
Group similarity and contribution of species
The SIMPER analysis considering the combined factor DgxBa (D. geminata x Basins) showed that the groups composed exclusively of invaded sites had high mean similarity in all basins (Fig. 4) . The DG factor revealed that the intra-group similarity of the invaded sites (26%) was greater than that of the non-invaded sites (18%); the dissimilarity between the groups was 81%. All species that contributed to the similarity and dissimilarity of each group were present in both groups and in all basins. Of the 338 species included in the analysis, 10 showed a significant response to the presence of D. ; Dg + 4.9%) contributed to the internal similarity of both groups. The density of all species which contributed to the similarity of the Dg + group showed positive and significant correlation with the density of D. geminata (Fig. 5 ).
All the species were present in both groups; the Dg + group concentrated the greatest densities (Figs. 6 and 7) . The density pattern of D. geminata showed significant differences (SIMPROF p < 0.05) with respect to the patterns of F. capucina, 
Discussion
The results of this study provide relevant information about the effect that D. geminata produces on the structure of benthic diatom communities in Chilean rivers, which is reflected in the community structure through a broad geographical area invaded in Chile. The structure show clearly that community variability decreased within sites invaded by D. geminata suggesting community homogenization was occurring. Very few studies have shown this type impact on the benthic microalgal [24] found that D. geminata proliferations altered benthic diatom community composition and biomass, but with a minimal impact on overall diatom assemblage composition. The great similarity among the invaded rivers founds in this study, complements those results, and is an indication of the strong transformer capacity of D. geminata, which is capable of leading to a community structure which is more homogeneous and different than those of the non-invaded rivers and disrupting the biogeographic heterogeneity of the invaded area. Although the general pattern indicates the homogenization of the community, D. geminata induced multiple responses. This condition is reflected in the general diversity pattern, where at local scale, the invaded sites, were more diverse than non-invaded rivers, while beta diversity changes indicate that D. geminata causes reduced species turnover compared to non-invaded sites. This inverse pattern has been observed in other systems affected by biological invasions, in which the invaders induce responses that varies with the spatial scale [15, 26] , and may be indicates that broad scale was more appropriately to examined the effects of D. geminata on the communities [10] . The high species richness and diversity associated to local changes in invaded rivers are similar to that described at local scales for rivers of New Zealand [24] and in the high zone of the Biobío River Basin in Chile [21] . Increased diversity may be related to the mucilagenous stalks of D. geminata that offer a habitat for small species of stalked diatoms to settle and increase their density, even surpassing that of D. geminata and of other native species [22] . This kind of interaction gives rise to the dominance of species capable of establishing positive associations with D. geminata, and thus increases the similarity among the communities of a given geographic area invaded by it.
Basins are highly heterogeneous units with high internal dispersion [28] that influences the reconfiguration of the communities when faced with invaders [2, 15] . The high similarity among invaded rivers of different basins in contrast to non-invaded rivers is a response that reflects the magnitude of the changes induced by D. geminata, which leads specifically to a community dominated by species of the Order Cymbellales such as A. minutissimum, which dominate in more than 90% of the invaded sites. The relation between these two species and the dominance of A. minutissimum in rivers invaded by D. geminata has also been reported in rivers of Italy, Poland, Canada and New Zealand [5, 24, 33] , indicating the mechanisms of colonization and the effects of D. geminata may even overcome the scale effect at large scales. The community similarity among invaded sites is produced by the effect that D. geminata has on the density of certain species. This specific group may establish interspecies associations whose intensity and direction are spatially variable. Encyonema minutum, Tabellaria flocculosa and Ulnaria ulna are among the taxa recorded whose density increased significantly; they also inhabit oligotrophic areas and develop a mucilaginous stalk, but differ in the size of their cells. These species grow indistinctly on diverse rocky, plant and animal substrates [16, 19, 38] , and the colonial structure of D. geminata may also provide a substrate that favors their proliferation and contributes to the local diversity of the invaded rivers.
Although the presence and expansion of D. geminata affects the set of resident species, some of them have greater sensitivity to the changes, clearly shown through the variations in their density. Interpreting this pattern based on the taxonomic composition of each site allows us to infer how some species respond similarly to the presence of D. geminata. This similarity is observed in the strong association among some species, which depends on the density of each [13, 18, 47] . Given that D. geminata affects the density of a specific group of diatoms, the type and intensity of the association among them would also respond to the presence of this invader. This is reflected in that the species whose density tends to increase in the invaded rivers differ in the degree of interspecific association, indicating that the responses are not uniform, and that the communities exhibit multiple responses to the presence of D. geminata. Finally, the pattern of density based on the taxonomic composition indicates that the set of invaded sites form a group with less variety of responses or associations compared to the set of non-invaded sites. This indicate that D. geminata proliferation induces an empoverishment of diversity, leading to a homogeneous taxonomic on the benthic diatom community capable of predominating in an extensive geographic region.
Conclusions
The benthic diatom communities in the Chilean rivers invaded by D. geminata show responses similar to those described in other regions of the world and to those produced by other types of invaders. This diatom has become established in the resident communities and constitutes a new and potent threat to the integrity of the freshwater biota in temperate, oligotrophic lotic environments, especially those of south-central Chile. The ecology invasion of D. geminata suggest that this species should be considered an ecosystem engineer and a transformer due the shifts induced on communities related to trophic interactions and habitat alteration [10, 31, 73] . The main effect found in this study was the homogenization of the benthic diatom communities, which is reflected in the increase in density of small stalked diatoms and the reduction of species turnover of invaded rivers among basin. Although we did not detect signals of species exclusion, D. geminata favors a particular group of diatom species which in the long run may displace others and thus trigger different types of impacts, including alterations in the fluvial trophic webs [44] . The effect of D. geminata may be expressed in different components of diversity and may surpass the effect of spatial scale. Invaded sites are clearly distinguished from non-invaded sites independent of their distribution, demonstrating that the invasion and dispersion of this species leads to a largescale loss of diversity in diatoms communities.
The species most sensitive to the presence of D. geminata coexist with it and lack a uniform response among the sites (by basin). However, the community structure expresses signals of homogenization mediated by the predominance of species whose densities increase with the presence of D. geminata. Some of these species show a high degree of association in their responses and vary similarly in the set of invaded sites. However, there is a larger number of groups of response in the non-invaded sites, confirming that the invaded sites are also losing functional diversity. Thus our results support the hypothesis that the sites invaded by D. geminata share a common community structure which is less diverse and significantly different than that of sites not invaded by this diatom, leading to the loss of community heterogeneity that overcomes the spatial heterogeneity of the area invaded in Chile. 
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